The eosinophilia-myalgia syndrome (EMS) is a recently described disease that has been associated with the ingestion of L-tryptophan containing trace amounts of several impurities. The first such contaminant to be identified and linked epidemiologically to the EMS epidemic was 1,1'-ethylidenebis(L-tryptophan) (EBT), but its role in the etiology and pathogenesis of the syndrome has been controversial. We report the development of inflammation and fibrosis affecting the dermis and subcutis, including the fascia and perimyseal tissues, after the daily intraperitoneal administration of EBT to female C57BL/ 6 mice. Such changes are accompanied by increased numbers of mast cells, many of which appear to be degranulating. Plasma levels of quinolinic acid, a metabolic product of L-tryptophan via the kynurenine pathway, are reduced initially, and then become elevated when inflammation and fibrosis are more pronounced. The nature and location of the inflammatory cell infiltrate and fibrosis, as well as the presence of mast cells and alterations of L-tryptophan metabolism, are consistent with findings reported in patients with EMS. This murine model suggests that EBT may have been one of the mediators of EMS and should facilitate studies of the pathogenesis of EMS. (J.
Introduction
The eosinophilia-myalgia syndrome (EMS)' occurred as an epidemic in the United States in 1989 (1) (2) (3) . During the epidemic the following surveillance case definition was established by the Centers for Disease Control (CDC): (a) blood eosinophil count > 109/liter; (b) generalized myalgia of sufficient severity to limit a patient's usual activities; and (c) exclusion of neoplasm or infection to account for symptoms (4) .
This work was presented in part at the Annual and Southeast Regional Meetings of the American College of Rheumatology, October 12-15, 1992, Atlanta, GA, and March 26-28, 1993 , Arlington, VA, respectively.
More than 1,500 cases and 38 deaths that fulfill the CDC criteria for EMS have been reported from the United States (5), but many more individuals who did not fulfill the CDC criteria or were not reported to the CDC are believed to have been affected (6) .
In addition to eosinophilia and myalgia, many EMS patients developed scleroderma-like skin changes frequently accompanied by fasciitis (2, 3, 7, 8) , peripheral neuropathy (9-I 1 ), and pneumonitis ( 12) . Remarkably similar clinical and histological changes were observed in patients affected by the toxic oil syndrome (TOS) that occurred in Spain in 1981 (13) . In each syndrome, epidemiologic studies showed a strong association with the ingestion of products containing contaminants. Adulterated rapeseed oil was implicated in TOS ( 14) , although a precise etiologic agent was never identified. The EMS epidemic has been linked to the ingestion ofL-tryptophan manufactured by a single company ( 15, 16) and shown to contain several contaminants ( 16) . The first to be identified was 1,1 '-ethylidenebis(L-tryptophan) (EBT) ( 17) . Recently, a second contaminant of L-tryptophan also linked to the EMS epidemic was identified as 3-(phenylamino)alanine ( 18) , which resembles a putative contaminant of adulterated rapeseed oil implicated in TOS (19) .
Although epidemiologic studies support a link between these contaminants and EMS, it is not known if they are the etiologic agent(s) or simply markers for a yet to be identified agent. Animal studies have been controversial (20), but one group has reported that female Lewis (LEW/N) rats fed Ltryptophan implicated in the EMS epidemic or LEW/N rats fed synthesized EBT develop myofascial fibrosis similar to that observed in patients with EMS (21, 22) . In this study we succeeded in developing an animal model of EMS and report the induction of inflammation and fibrosis in skin and fascia of female C57BL/6 mice treated with daily intraperitoneal injections of EBT. In addition, we report the presence of increased numbers of mast cells similar to that observed in patients with EMS (23). Furthermore, since altered L-tryptophan metabolism and elevated plasma quinolinic acid levels were reported in patients with EMS (2), we investigated the effect of EBT administration on kynurenine pathway metabolism in this murine model.
Methods
Animals. 6-wk-old female C57BL/6 mice (The Jackson Laboratory, Bar Harbor, ME) weighing 20-22 g were maintained in animal quarters designed for pathogen-free mice and provided with food (Teklad Rodent Diet; Harlan Teklad Laboratory, Indianapolis, IN) and water ad libitum. All studies were conducted under a protocol approved by the institutional review board for animal studies.
Treatments. Groups of 10-12 animals received daily intraperitoneal injections consisting of 0. [24] ) 40 Ag/kg body weight dissolved in saline; and (d) L-tryptophan combined with EBT (same doses as above). The doses of EBT and L-tryptophan were selected because they fall within the range ofthose ingested by patients with EMS (2, 18, 25) . At various time intervals, ranging from 3 d to 6 wk, mid-morning blood and plasma were obtained and animals were killed by exsanguination under ketamine anesthesia. The following tissues were obtained for further analysis: (a) skin and subcutaneous tissue from the interscapular area; (b) muscle from the proximal hindlimb; (c) lungs; (d) heart; (e) liver; and (f) kidneys.
Pathology. Peripheral blood eosinophil counts were performed on blood smears prepared with Wright's stain. Portions of all tissues were fixed in 10% buffered formalin, embedded in paraffin, and stained with hematoxylin-eosin and Masson's trichrome stains. Lungs from seven animals in each treatment group were inflated with 3 ml of 10% buffered formalin, fixed in the same solution at 4VC overnight, embedded in paraffin, and stained as above. Skin and subcutaneous tissue were also prepared with a specific esterase mast cell stain using naphthol AS-D chloroacetate and hematoxylin counterstain (26) . Muscle tissue taken from the proximal hind limb was quick-frozen in liquid nitrogen-cooled isopentane. Mounted sections were cut at 5 usm using a rotary microtome/cryostat. Sections were picked up on cover slips and stained with hematoxylin-eosin. All slides were coded and provided to investigators who were masked to the experimental conditions. Biochemistry. Plasma quinolinic acid levels were determined using gas chromatography/mass spectrometry as previously described (27) . All samples were run as coded specimens within a single assay.
Data analysis. For analysis of skin and subcutaneous tissues, two dermatopathologists (M. Hampton and J. Maize) independently graded tissue sections according to extent and severity of inflammation, destruction of cells, and fibrosis. An index of inflammation or fibrosis was calculated on the basis of the severity (none = 0; mild = 1; moderate = 2; severe = 3) x extent (focal = 1; diffuse = 3). The index of inflammation or fibrosis varied up to 20% between experiments, each consisting of 10-12 animals/treatment group, and data from individual experiments are presented in each figure and table unless indicated otherwise. Mast cells were counted under high magnification (x200) with a light microscope equipped with a micrometer and are expressed as the number of mast cells per 1.5 mm2. A neuropathologist (T. Smith) graded muscle sections for thickness of fascia (,gm), necrotic and atrophic myocytes (no./ 2.5 mm2), and presence or absence of islands of perimyseal inflammatory cells, perineural inflammation, and fibrosis. Group means±standard deviation were calculated for his- EBT, with the most extensive inflammation occurring in the superficial adipose layer and the panniculus carnosus muscle ( Figs. 1 and 2 ). The cellular infiltrate was composed predominantly of lymphocytes and monocytes with occasional plasma cells and frequent mast cells (see below). Focal sites of inflammation were observed in the dermis and subcutis of animals treated with saline or L-tryptophan ( Fig. 1 ), but such changes were never as severe as those observed in animals exposed to EBT. Focal cellular infiltrates were observed as early as 3 d after beginning EBT administration; diffuse changes were present in the subcutis after 6 d oftreatment and were more prevalent and severe after 3 wk (Fig. 3) . Of interest was the observation that animals treated with L-tryptophan + EBT had less inflammation than did animals treated with EBT alone (Figs. 1 and 2 ). Cellular infiltration was accompanied by varying degrees of fibrosis and destruction of the adipose layers and panniculus carnosus muscle. As was the case with inflammation, such changes were always more prevalent and severe in animals exposed to EBT than in animals exposed to saline, L-tryptophan, or EBT combined with L-tryptophan (Figs. 4 and 5) . With EBT administration fibrotic changes were observed in all layers of the subcutis, and some animals developed diffuse fibrosis in the dermis also. Fibrosis was less frequent and severe in animals treated with L-tryptophan + EBT than in animals treated with EBT alone (Fig. 4) . The fibrosis of the dermis and subcutis evolved from focal to diffuse by 3 wk of exposure to EBT (Fig. 5) .
EBT exposure was accompanied by a two-to nearly fourfold increase in the number of dermal and subcutaneous mast cells (Table I ). The increase in mast cell number was evident after 3 d of exposure to EBT, when significant increases were noted in the dermis, superficial adipose layer, and the panniculus carnosus muscle (Table I and Fig. 6 ). In the control group of saline-treated animals, mast cells were limited primarily to the dermis. After 6 d ofEBT exposure the mast cell numbers in some skin layers appeared to decline to the control level observed in saline-treated animals and were significantly lower than at day 3. By 6 wk, the number of mast cells increased to levels comparable to or greater than day 3.
Muscle andfascia. The endomysium, perimysium, and fascia of animals exposed to EBT showed progressive thickening with increasing treatment times (Table II) . After 6 wk of exposure to EBT there was a significant increase in the thickness of the fascia of the muscle as compared with animals treated with saline (168±22 ,m vs. 43±5 ,um; P < 0.01) or L-tryptophan ( 168±22 Am vs. 69±7 tlm; P < 0.01 ) (Table II) . L-Tryptophan alone resulted in a slight increase in fascia thickness compared with animals receiving saline, but the difference was not statistically significant.
Muscle from all treatment groups showed nonspecific myopathic changes consisting of basophilic myocytes, atrophic myocytes, and myocytes with central nuclei. A significant increase in the number of necrotic muscle fibers was seen only in the group of animals receiving EBT for 4 wk (2.92±0.95/2.5 mm2) compared with animals receiving saline (0.18±0.13/2.5 mm2) or L-tryptophan (0.27±0.19/2.5 mm2) (P < 0.01 each), but not at 6 wk. After 4 wk of EBT exposure there was also an increase in the number of atrophic myocytes compared with controls, but this was not apparent at 6 wk. Inflammatory islands were rarely identified within muscle tissue. Muscle spindles were only rarely inflamed. Endothelial cell hyperplasia was present in the endomysial septa of some but not all animals treated with EBT for 6 wk.
Other pathology. No significant abnormalities of the heart, kidney, or liver were detected by light microscopy. Focal areas of inflammation and fibrosis were observed in the lungs of animals treated for 3 wk with L-tryptophan alone or in combination with EBT, but such changes were mild and there was no significant difference in the inflammation index or fibrosis index among the various control and treatment groups. Areas of (20), perhaps related to differences in methresponse of plasma quinolinic acid after administraodology, so there has been considerable controversy over the BT (Fig. 7) . Plasma quinolinic acid fell from a baserole of EBT in the etiology and pathogenesis of EMS. In the of 206±62 to 110±24 and 131±35 nM after 3 and 6 d current study, we demonstrate that significant dermal and subrespectively (P < 0.001 compared with saline concutaneous inflammation and fibrosis occur when female uinolinic acid returned toward baseline by 2 wk of C57BL/6 mice are administered synthetic EBT by intraperitoosure (180±55 nM; P = NS compared with saline neal injection. EBT appears to be capable ofinducing lesions of and continued to rise to levels that were significantly the dermis and subcutis, including the fascia and perimysium, compared with baseline or saline-treated control ani-consistent with those seen in patients with EMS (2, 3, 7, 8, 11 ).
3 wk (326±71 nM; P < 0.001). The levels began to
Other contaminants, such as 3-(phenylamino)alanine, linked ward baseline by 4 and 6 wk of EBT exposure but by epidemiologic studies to the EMS epidemic (18) , may also high (299±96 and 253±45 nM, respectively; P be capable of inducing such changes. In addition, our study Lch). Lies to be associated with the EMS epidemic (15, 16) . served in 20% of animals as early as day 6, becoming more gic role for EBT, the contaminant initially linked to pronounced by day 21 (see Fig. 1 (2, 18, 25) . It (24, 29) . Nevertheless, the breakdown of EBT in an acid milieu is not too fast to preclude some absorption of EBT into the circulation (29) . Furthermore, concomitant ingestion of supraphysiologic quantities of L-tryptophan might have altered the intestinal epithelial border (30) , perhaps facilitating absorption of EBT.
Eosinophilia was not observed in the current study or in those involving the LEW/N rat (20-22). Eosinophils were reported to be increased in the blood of BALB/c mice administered EBT-contaminated-L-tryptophan by intraperitoneal injection in an oil vehicle, but control animals receiving unimplicated L-tryptophan also developed eosinophilia ( 31 ) . Although eosinophils and eosinophil-derived proteins have been postulated to play a role in the pathophysiology of EMS (1), this and other studies (21, 22) suggest that significant inflammation and fibrosis may occur after EBT exposure without an increase in blood or tissue eosinophils.
In the present murine model, dermal and subcutaneous mast cells were noted to be increased as early as 3 d after EBT exposure. Oral feeding of L-tryptophan containing EBT to LEW/N rats also was associated with an increase in the number of degranulating mast cells within the intestinal mucosa (32) and in the dermis, fascia, and muscle (L. Love, personal communication). The apparent decline in mast cell number observed after 6 d in the current study may represent degranulation of mast cells, since marked extracellular staining was apparent as early as day 3. By 6 wk, dermal and superficial subcutaneous mast cell numbers were comparable to mast cell levels at day 3, whereas deeper subcutaneous mast cell numbers remained significantly elevated. In a murine model of chronic GVHD, Claman et al. (33) showed that dermal mast cells seemingly disappear due to degranulation and loss of intracellular granules, yet "phantom mast cells" can be identified by ultrastructural methods. The changes observed in the present model are consistent with those observed in skin sections above the level ofthe panniculus carnosus in the murine model of GVHD (34). Mast cells are prominent in many chronic fibrosing disorders, including scleroderma (35, 36) . Furthermore, mast cells were noted to be increased in the skin of patients with EMS (37) and a similar condition, TOS (36) . The role of the mast cell in the pathogenesis of fibrosis remains unclear, but the presence ofdegranulating mast cells in fibrotic lesions ofmice treated with EBT is additional evidence that the current model resembles EMS.
Of interest is our observation that inflammation and fibrosis were less intense when animals were treated with EBT plus L-tryptophan compared with EBT alone. One explanation for this observation is that L-tryptophan and EBT compete for binding at unknown but important sites. Although it has been reported that EBT does not inhibit the binding ofL-tryptophan to hepatic nuclear envelopes (38) , EBT and L-tryptophan may compete for incorporation into proteins. The latter effect has been shown to be due to direct competition rather than an inhibitory effect of EBT on in vitro protein synthesis (H. Sidransky, personal communication). It is also possible that Ltryptophan may modulate the effect of EBT on connective tissue metabolism. TGF-#3 has been shown to be present in EMS lesions and is postulated to play a role in the development of the connective tissue alterations present in EMS-associated fasciitis (39) . In vitro studies of human dermal fibroblasts suggest that L-tryptophan can block the stimulatory effect ofTGF-3 on collagen synthesis (V. Falanga, personal communication) and can upregulate collagenase gene expression (40) . Animal studies reported here and by others (21, 22), however, suggest that L-tryptophan per se induces rather than inhibits fibrosis in vivo. The serotonin pathway of L-tryptophan metabolism may be an important mediator of such fibrosis, since serotonin has been shown to induce fibrosis in vivo (41 ) and fibroblast proliferation in vitro (42, 43) .
Plasma quinolinic acid levels were significantly reduced in the first week of EBT exposure. Such a decrease in kynurenine pathway metabolism might be explained by loss of tryptophan dioxygenase activity due to a hepatotoxic effect of EBT or one ofits breakdown products, yet no significant hepatic abnormalities were observed at the light microscopic level. Alternatively, competitive inhibition of tryptophan dioxygenase by EBT might explain the observed decline in quinolinic acid levels in the early days after EBT exposure. The significant elevation in quinolinic acid observed later, when inflammation and fibrosis were more pronounced, is similar to what we reported in patients during the active phase of EMS (2, 23) , and may be the result of induction ofindoleamine 2,3-dioxygenase by interferons (44) . The present finding of decreased plasma quinolinic acid at the earliest time points followed subsequently by elevated quinolinic acid may indicate that quinolinic acid is not of primary importance in the pathogenesis of EMS, but merely a marker of ongoing inflammation.
The availability of a model for EMS using an animal strain without inherent immunologic abnormalities should facilitate studies ofthe early cellular events central to the pathogenesis of EMS. Such studies may lead to a better understanding ofEMS and perhaps related conditions, such as eosinophilic fasciitis and TOS. Ultimately such studies may lead to the development of more effective treatment strategies for such diseases.
